In rabbit ventricular cells, the delayed rectifier current (IK) has not been extensively studied, and properties of single IK channels still need to be determined. In this study, we present data on a voltage-dependent channel in rabbit ventricular cells; the properties indicate that it is an ' 
Several types of potassium outward currents are involved in the repolarization of the cardiac action potential. Variations in type and relative size of these potassium currents and other currents produce different action potential configurations in different regions of the heart.'-6 In the ventricle, the main outward potassium currents are the transient outward current (Ito), the delayed rectifier current (IK), and the inward rectifier current (IK,). 4 
-1O
On the basis of their different kinetic properties, these currents take part in different phases of repolarization. ' to is turned on almost immediately after the upstroke and is responsible for early repolarization, phase 1.11 IK is turned on during phase 2, is responsible for the initiation of phase 3 repolarization, and determines in part the duration of the plateau phase, phase 2 
Materials and Methods Cell Isolation
Single ventricular myocytes were obtained from the hearts of New Zealand rabbits (1-2 kg) by enzymatic dissociation. The rabbits were anesthetized with 1 ml/kg Hypnorm (10 mg/ml fluanisone+0.315 mg/ml fentanyl citrate, Janssen Pharmaceutics, Tilburg, The Netherlands). The heart was rapidly removed and mounted on a Langendorff perfusion apparatus, where it was perfused with solutions in the following sequence: 1) Normal Tyrode's solution was used for 5 minutes to wash out the blood. 2) Ca2+-free Tyrode's solution was used for 10 minutes. 3) Collagenase (1.43 mg/ml, type B, Boehringer-Mannheim, Mannheim, FRG) was added to Ca2+-free Tyrode's solution (20 minutes Single delayed rectifier channel activity in cell-attached patches was elicited by depolarizing steps (duration, 500 msec, unless otherwise stated; frequency, 0.5 sec-'). Activity of the channel was measured after subsequent repolarization to the resting membrane potential, analog to the whole-cell tail current. In several experiments, resting membrane potential of the ventricular cells was determined after the single-channel measurements. To get access to the cell interior, the patch membrane was ruptured by gentle suction to the patch pipette. The averaged resting membrane potential determined from 13 1D ). This correction was only possible when the amount of overlapping events was relatively low.
Finally, probability density functions were constructed from these corrected data by software developed in our own laboratory and by the single-channel analysis program ASCD (Droogmans, Leuven, Belgium). Probabilities were calculated from these probability density functions after a fit was made with a number of Gaussian functions.
Estimation of the degree of activation. In whole-cell experiments, the degree of activation is determined by measurements of the peak amplitude of the tail current, which is considered to be proportional to the degree of activation. Analogous to this, to estimate the degree of activation in single-channel experiments, one may construct ensemble-averaged currents and measure peak amplitudes. To construct these ensemble-averaged currents, IKi events had to be subtracted. The experiments in which the degree of activation was estimated were performed at a holding potential of -70 mV. At this potential, numerous overlapping channel events were always present, and in those cases the program, which was developed to remove 1K1 channel events, often failed. This was due to the fact that the program was not able to distinguish between one 1K1 channel opening (closing) and the fast cumulative opening (closing) of two or more IK channels. For this reason, we had to choose an alternative way to estimate the degree of activation.
When the voltage at which current tails are measured is constant, one may expect that the time constant of current decay is also constant. Therefore, the area under the current tails is also proportional to the degree of activation. We used this approach to determine the degree of activation in single-channel experiments. The area under the tail current is given by A=fiopen * T1i where A is the area, nopen is the mean number of channels open during time (T), and i is the singlechannel current amplitude. In the experiments presented here, T was the first 1,500 msec after return to the resting membrane potential. Since T and i are constant, i,pen is directly proportional to A and thus to the degree of activation.
nopen was derived from probability functions that consisted of several peaks. The area of each peak represents the probability of finding 0, 1, 2, ... n channels simultaneously open. Areas were calculated from Gaussian functions fit through these peaks. fopen was calculated in the following way: nopen=1 P1+2 *P2. . .+n * Pn=Xn* P, where n is the number of channels simultaneously in the open state and Pn is the probability of finding n channels in the open state simultaneously.
Fits for the time course of activation ( Figure 6 ) and for the voltage dependence of activation ( Figure 8) Figure 2 shows a typical example of such an experiment in which membrane currents were recorded from a cell-attached patch of a rabbit ventricular myocyte. The patch was clamped at the resting membrane potential, and 100-mV depolarizing potential steps with a duration of 500 msec were applied intermittently. At resting membrane potential, before a depolarizing potential step ( Figure 2A ), a channel was observed with long openings and short closures. This channel was present in most patches and was identified as an inward rectifier potassium channel by its high open probability of 0.95 and a slope conductance of 42.8 pS (Figure 3 ), which is close to the value found in rabbit ventricular muscle.4144
During the depolarizing step, no channel openings could be observed. However, after return to the resting membrane potential from this depolarizing step, a second type of channel activity was present, superimposed on inward rectifier channel openings ( Figure 2B ). This type of channel activity was characterized by a series of short openings that finally disappeared again, although channel activity often persisted for more than 1 second. During the first 1,500 msec after return to the membrane potential, this channel was open 20% of the time.
The unitary current amplitude of the channel was approximately one third that of the inward rectifier channel. Apparently, this channel was activated during depolarization, and decay of channel activity due to deactivation could be seen after return to resting membrane potential. We shall refer to this channel as an IK channel. Figure 3 shows current tracings recorded from a cell-attached patch at various potentials after a depolarizing step was applied. The unitary current amplitude of both the 1K1 channel and the IK channel increased with hyperpolarization. At more hyperpolarized potentials, the 'K channels tended to close faster after return from the depolarizing clamp pulse. The current-voltage relation of the pooled data of eight experiments revealed a slope conductance of 13.1 pS for the lK channel and a slope conductance of 42.8 pS for the inward rectifier channel. When the slope conductance for each experiment was determined separately, we yielded an average slope conductance of 13.2±2.0 pS (mean+tSD, n=8) for the 1K channel and 42.1±2.4 pS (mean±SD, n = 7) for the lKl channel. The ratio between lK channels and lKl channels in these cells was estimated at 1:3.5.
To decide whether this 'K channel was indeed a K' channel, we determined the reversal potential of the channel at two different intracellular K' concentrations. For these experiments, single-channel currents were measured from inside-out patches so that both intracellular and extracellular K' concentrations andlhe transmembrane voltage were precisely known. Figure 4 shows the current-voltage relation of the IK channel determined at 150 mM and 300 mM K' at the intracel- When the K' concentration was increased from 150 to 300 mM, the Cl-concentration was concomitantly increased from 150 to 300 mM. Under these conditions, the Cl-reversal potential will shift from +72 to +90 mV. This rules out the possibility that the investigated channel is a Cl-channel.
Time Course ofActivation
Depolarizing clamp pulses of increasing duration were applied, and single-channel activity was measured after a return to the resting membrane potential to study the time course of activation of this IK channel ( Figure 5 ). Single-channel currents were recorded from a cell-attached patch containing three IK channels and one IKI channel. Column 1 in Figure 5 shows samples of current tracings used to generate the probability density functions shown in column 2. In this experiment, a depolarizing clamp pulse of 50 msec ( Figure 5A) (ms) tached patch mode. Column 1 in Figure 7 shows samples of current tracings used to generate the probability density functions shown in column 2. A depolarizing clamp pulse from -70 to -40 mV did not induce any IK channel activity, indicating that the threshold for activation was not yet reached ( Figure 7A) . The probability density function shows two peaks corresponding to a closed 1K1 channel (at 0 pA) and an open IKI channel (at -1.92 pA). Depolarization to -10 mV was apparently beyond the threshold of activation. All tracings now contained IK channel openings, resulting in four extra peaks in the probability density function ( Figure 7B ). Voltage protocol with increasing potential (Vi; duration, 500 msec). Column 1: Single-channel currents from a cell-attached patch (same as in Figure 6 ) at -70 mVrecorded after depolarizing steps of increasing amplitude (Vi) were applied. Channel In all ensemble-averaged currents, a "hook" was observed, seen as a fast increase in current before current decay (inset at -100 mV). (Figure liD) did not restore lK channel activity within the duration of the experiment (10 minutes). The same concentration of E-4031 was added to another four cells, and in all cases, IK channel activity was completely blocked while open probability and unitary current amplitude of IK1 were unaffected. At this concentration, however, it was not possible to restore IK channel activity after washout of the drug. E-4031 Prolongs the Action Potential Since part of the repolarization of the ventricular action potential is carried by lK, it is to be expected that blockade of this channel is reflected in prolongation of the action potential. Figure 12 shows representative action potentials recorded from a rabbit ventricular myocyte before and during exposure to 10`6 M E-4031. From the average of 20 consecutive action potentials, recorded under control conditions and recorded in the presence of 10`6 M E-4031, the duration at 90% of the repolarization (APD90) was calculated. APD90 increased from 367±9 msec (mean±SEM, n=3) under control conditions to 476±13 msec (mean±SEM, n=3) in the presence of 10-6 M E-4031, which is a significant increase of 30%. The increase in action potential duration is clearly caused by a prolongation of phase 2 only. After washout of E-4031, action potential duration returned to control values again (not shown).
Discussion
In the present article, we show the presence of a voltage-dependent channel in the membrane of rabbit ventricular myocytes. We conclude that this channel is an lK channel for several reasons discussed below.
Ion Transfer Properties
We measured a single-channel conductance of 13.1 pS, which compares well with the value of 11.1 pS for IK channels in rabbit sinoatrial node cells assessed under similar conditions.35 Only a few studies on the conductance of the delayed rectifier channel in the heart permit comparison with other mammalian species. A delayed rectifier channel with a chord conductance of 5.4 pS has been described in guinea pig ventricle.34 This much lower value is probably due to the physiological extracellular potassium concentration in these experiments (5.4 mM).34 A time-and voltage-dependent macroscopic current has been studied in isolated membrane patches of guinea pig ventricular cells.45 Single-channel activity could not be resolved, but it was concluded that the conductance of the single channel has an upper limit of 1 pS (extracellular potassium, 4.8 mM). In guinea pig atrial cells, two types of delayed rectifier channels have been observed: a small and a large conductance channel (extracellular potassium, 150 mM). The experimentally determined ratio between IK channels and lKl channels of 1: 3.5 allows us to make an estimation of the total number of IK channels per cell. In rabbit ventricular cells, the number of IKI channels was Deactivation is also voltage dependent. When the patch potential was made more negative, after the depolarizing (activating) clamp step, the decay of the ensemble-averaged current became considerably faster. The averaged time constant decreased from 634 msec at -80 mV to 136 msec at -110 mV. A consistent finding is that current decay of the ensemble-averaged currents was preceded by a fast increase in current, described as a hook (Figure 9 , inset at -100 mV). This fast increase in current probably indicates fast recovery of an inactivation process. This inactivation process during depolarization is probably different from the slow inactivation process described in "Time Course of Activation," since the time course for both processes are far apart. Slow inactivation only becomes prominent at depolarizations much longer than 500 msec, whereas recovery from inactivation is already considerable at depolarizations of this duration. Therefore, it seems that in addition to a slow inactivation process, there also is a fast inactivation process during depolarization.
The present results indicate that the kinetics of the IK channel in the rabbit are complex and that at least one open and two, but possibly three, closed states must be postulated: 1) A first closed state is that which the channel finally reaches after a return to negative potentials (the deactivated state).
2) The hook in the ensemble-averaged current on repolarization (Figure 9 ) suggests an additional process, best described as a fast inactivation. This fast inactivation requires the assumption of a second closed state, which may also explain the transitions seen before the deactivated state is reached.
3) Finally, the slow decay in channel activity seen after sustained depolarizations ( Figure 6 ) suggests the presence also of a second slow inactivation process, which requires a third closed state.
Pharmacology: E-4031
Prolongation of the action potential in the presence of class III antiarrhythmic agent E-4031 has been ascribed to a reduction of the delayed rectifier conductance. 38 
